Abstract Many studies have proven that the polymethylmethacrylate (PMMA) augmentation of the pedicle screw can significantly increase stiffness and strength of spinal fixation. Some major complications have also been reported. However, there are no reports discussing cement distribution and its morphology in the osteoporotic vertebral body, which is critical in the analysis of the biomechanical strength of the pedicle screw and the risk of cement leakage after pedicle screw augmentation. In this study, we used computed tomography (CT) to evaluate the cement distribution in the osteoporotic vertebral body after PMMA augmentation of a pedicle screw and to analyze the factors leading to cement leakage. Two groups of patients were studied. Group A consisted 25 osteoporotic patients (mean age of 73 years) with spinal instrumentation who had a total of 145 pedicle screws and cement augmentation with biopsy needles. Group B consisted of 23 osteoporotic patients (mean age of 74.6 years) with spinal instrumentation who had a total of 125 cannulated pedicle screws with cement augmentation. All patients had CT evaluation of the cement distribution in the vertebral body after the surgery. The cement distribution in the vertebrae was divided into four zones in the axial CT view: anterior onethird, middle third, and posterior third of vertebral body, and the pedicle. The morphology of the cement distribution around the pedicle screw was defined as scattered type or concentrate type. The leakage pattern was divided to anterior-lateral, posterior-lateral, and canal leakage. The correlations among bone mineral density (BMD), the cement leakage rate, and cement distribution morphology were also analyzed. The results showed that most augmented pedicle screws had cement extension into three of the four zones of the vertebral body (66.3%), followed by two zones (20%), all four zones (11.5%), and only one zone (2.2%). Overall, 123 screws (84.8%) in Group A and 108 screws (86.4%) in Group B had cement concentrate type distribution. The cement leakage rate in Group A is 18.3% and 13.6% in Group B. Patients with a BMD \0.6 g/cm 2 had significantly higher rates of cement leakage and tended toward a scattered cement distribution. There was only one patient who had a symptomatic leakage (sciatica) in Group B. We concluded that the cement distribution after pedicle screw augmentation with biopsy needle or cannulated screw technique was mostly localized in three zones of the vertebral body, and patients with lower BMD had a higher risk of cement leakage and scattered cement distribution.
Introduction
Osteoporosis has become a growing concern in the aged population. Many of these individuals experience spinal complications from osteoporosis, including vertebral fracture, deformity, and/or neural element compression. In some patients, surgical treatment is unavoidable. An osteoporotic spine presents a significant challenge for a spinal surgeon to manage [7, 14] .
Pedicle screws can provide three-column fixation and are the most common implant used in spinal surgery. However, fixation failures have frequently been reported [10, 12] . Many studies have demonstrated a correlation between bone mineral density (BMD) and the strength of pedicle screw fixation [5, 7-9, 11, 17, 20, 22] . Furthermore, various techniques have been developed to increase the fixation strength in the osteoporotic spine, such as the use of supplemental laminar hooks, fixation with bi-cortical screws, improved screw geometry, and the augmentation of screw fixation with bone cement [1-3, 7, 13, 15, 16, 19, 20, 23-25] . Polymethylmethacrylate (PMMA) is most commonly utilized to strengthen the pedicle screws, and the results have proven to be quite effective in both in vitro and clinical reports [6, 18, [20] [21] [22] 26] . Risks involved in the use of PMMA for pedicle screw augmentation include nerve injury and vascular damage caused by cement leakage [25] . However, there are no studies describing the cement distribution within the vertebral body, the definitive cement leakage rates after pedicle screw augmentation, and the correlation between cement leakage and the technique utilized for cement injection. This study uses computed tomography (CT) in the evaluation of the morphology of cement distribution within the vertebral body, the pattern of cement leakage after PMMA augmentation of pedicle screws in the osteoporotic spine, and the analysis of factors leading to cement leakage.
Materials and methods

Study patients
Two groups of patients were studied. Group A contained 25 osteoporotic patients who underwent spinal instrumentation between March 2004 and January 2007 with PMMA augmented pedicle screws using a biopsy needle for cement injection. Information about twelve of these patients has been reported in a previous study [3] . Group B included 23 osteoporotic patients who underwent spinal instrumentation between January 2007 and June 2009 with PMMA augmented cannulated pedicle screws. The diagnoses and basic data of the patients are summarized in Table 1 .
The indications for the insertion of pedicle screw with cement augmentation in these two groups were: first, spinal stabilization was necessary due to instability caused by degenerated listhesis, infection, tumor metastasis, and osteoporotic vertebral fracture; second, osteopenia or osteoporosis was found in pre-operative spinal plain X-ray; third, pre-operative DEXA also showed osteopenia or osteoporosis; mean T score: -2.8 (from -1.8 to -4.3) in group A and -2.7 (from -1.5 to -3.6) in group B. All patients, except those with tumor metastases, underwent posterior or posterior-lateral fusion. Data included the preand postoperative visual analog scale (VAS), Oswestry disability index (ODI), and complications such as extravasation of cement, nerve injury, and infection were recorded. For the evaluation of PMMA cement distribution in T-L junction 8 6 L-spine 15 16 the vertebral body and cement leakage pattern, CT was performed on all of the patients.
Surgical technique
The surgical technique has been described in a previous study [3] . Group A underwent direct cement injection through a biopsy needle, followed by the removal of the biopsy needle and then insertion of pedicle screw. The PMMA (Surgical Simplex P, Stryker Corporation) was used in Group A. In Group B, bone cement was injected directly via a cannulated pedicle screw and its cement injection system (Wellong BMI Medical, Taiwan). The cannulated screw is a mono-axial top loading screw with a side hole at the distal third of the screw thread, and specifically designed for cement augmentation (Fig. 1 ). In patients with tumor metastasis or osteoporotic vertebral fracture, the augmented pedicle screws were applied on the non-lesion intact vertebral bodies. The commonly used screw diameter was 6.2-6.5 mm, and the length of the screw was 40-50 mm. The cement used in Group B (VERTEBROPLASTIC TM , DePuy AcroMed, England) is designed specifically for vertebroplasty. The amounts of cement injected in each pedicle screw were 2 mL (T-spine) and 3 mL (L-spine). Cement was injected from the caudal screws to the cranial screws in Group B, and the sequence was recorded during each operation. The cement injection procedures in both groups were performed under the guidance of uniplane fluoroscopy.
Postoperative CT evaluation CT scan (Siemens SOMATOM PLUS 4, Germany) with 240 mA tube current, 120 KVP and Pitch 1 was used to evaluate the distribution of the cement within the spine. The image was cut every 3 mm, and the location and leakage direction of the cement, as well as the morphology of the leaked cement, were recorded. Using the computer software (Smart Iris, Medincom Cooperation, Taiwan), the axial view of the vertebral body which cut through the largest part of pedicle screws was latticed and evenly divided into three zones (Fig. 2) . The extension of cement within the vertebral body was then categorized into four zones: zone 1 anterior third of the vertebral body; zone 2 middle third of the vertebral body; zone 3 posterior third of the vertebral body; and zone 4 pedicle area. Cement leakage was also divided into areas: anterior-lateral leak involved the anterior and/or anterior-lateral to anterior half of the vertebral body; posterior-lateral leak involved the posterior-lateral to posterior half of the vertebral body; and canal leak involved the spinal canal. The thickness of the canal leakage was measured and divided into \2, 2-4 and [4 mm. Furthermore, two types of cement morphology were identified: concentrated type had most of the injected cement concentrated around the pedicle screw without obvious radiolucent space between the cement; scattered type had most of the injected cement randomly scattered, spotted, or linearly distributed around the pedicle screw with obvious radiolucent space between the cement (Fig. 3 ).
Statistical analysis
The STATA software package (Texas, USA) was used for statistical analysis. Fisher's exact test was applied for 
Results
In Group A, a total of 155 pedicle screws were inserted, and 145 (93.5%) screws were augmented with PMMA cement (Table 2) , the 10 screws were not augmented due to applying the screw on the vertebral body that had previous vertebroplasty (5 screws) and violation of the pedicle wall or anterior cortex of vertebral body during the preparation of the pedicle tract (5 screws). The mean amount of injected cement was 1.79 mL (1.3-2 mL) in the T-spine and 2.35 mL (1.5-3 mL) in the L-spine. In Group B, there were 140 cannulated pedicle screws inserted, and 125 (89.3%) were augmented with PMMA cement, the remaining 15 screws were not augmented due to the use of the bicortical purchase technique without cement augmentation for S1 lesions (8 screws), violation of the pedicle wall or anterior cortex of vertebral body during the preparation of the pedicle tract (3 screws), and application of the screw on vertebral body of an old compression fracture with solid union (4 screws). The mean amount of injected cement was 1.83 mL (1.5-2 mL) in the T-spine and 2.48 mL (1.8-3 mL) in the L-spine. The ODI and VAS pain score improved in both groups at final follow-up. The mean follow-up period was 16.5 months (from 6 to 26 months) in group A and 15.9 months (from 8 to 20 months) in Group B. The ODI score of Group A dropped from 76.5% before surgery to 40.2% after surgery, and the Group B score dropped from 71 to 28%. The VAS improved from 9.2 to 2.8 in Group A and 9.5 to 3.0 in Group B.
CT evaluation of cement distribution
All patients in this study underwent post-operative CT scan evaluation. In Group A, there were 4 pedicle screws (2.7%) with cement located only in zone 1; 20 screws (13.8%) with cement located in zones 1 and 2; 11 screws (7.6%) Fig. 3 The cement morphology in the vertebral body with axial view on CT scan. a concentrated type with 2 zone distribution (both screws). b scattered type with 2 zone distribution and anterior-lateral leak (Table 4) . No cement leakage into the vertebral disc was observed in both groups. Among these 17 screws with a spinal canal leak (involving 7 patients) in Group A, 13 (76%) were found to have leakage of\2 mm on CT axial view; 4 screws (24%) had a leakage between 2 and 4 mm. However, none of these seven patients had neurological symptoms. Among the 10 screws with a spinal canal leak (involving four patients) in Group B, 7 (70%) were found to have cement leakage \2 mm; 3 screws (30%) had leakage between 2 and 4 mm. Only one of these four patients with both spinal canal leakage and posterior-lateral leak experienced had mild post-operative sciatica.
The BMD and cement leakage in each group was compared, and a significant difference was identified (p \ 0.05) ( Tables 5, 6 ). Patients with BMD \0.6 g/cm 2 had a higher cement leakage rate (45% in Group A, 40% in Group B) compared to patients with BMD[0.6 g/cm 2 (0% in both Group A and Group B).
The morphology of the cement distribution was categorized as concentrated type or scattered type. In Group A, 123 screws (84.8%) had the concentrated type cement, while 108 screws (86.4%) in Group B had the concentrated type cement distribution. The relationship between BMD and the cement distribution pattern in these two groups was compared, and a significant difference was identified (p \ 0.05) ( Table 5) . A correlation between the spinal canal leak and the zone of the cement distribution was also identified. Pedicle screws with the cement involving zone 4 had higher canal leakage rates. In Group A, 19 screws involved cement extension into zone 4 (zone 2, 3, and 4; and zones 1, 2, 3, and 4), and 15 screws involved cement extension into the spinal canal (15/19, 80%). In Group B, 20 screws involved cement extension into zone 4, and 8 screws involved cement extension into the spinal canal (8/20, 40%). The leakage rate was higher when cement extended into zone 4.
Every screw in Group B was numbered to identify the sequence of cement injection. Bone cement was injected from the L-spine to the T-spine (caudal to cranial). Seventeen screws developed cement leakage. The relationship between the cement sequence and the leakage rate was calculated by linear regression (Fig. 4) .
Discussion
Most of the injected cement in the vertebral body after augmentation of pedicle screws with biopsy needle or cannulated screw was localized to a 3-zone distribution (66.3%), followed by a 2-zone (20%), 4-zone (11.5%), and 1-zone distribution (2.2%). There are several explanations for the different distributions. The injection of different cement volumes causes various cement distribution patterns. In this study, 2 mL of cement was injected for each T-spine screw, and 3 mL of cement was injected for each L-spine screw. However, the injection procedure was stopped when cement extended to the posterior vertebral line or extravasate to anterior lateral aspect of the vertebral body. Therefore, variations in cement volume occurred from screw to screw and patient to patient. Additionally, the cement viscosity may be responsible for the different cement distributions. When the viscosity was low, the cement distribution in the first two screws tended to be the scattered type. In contrast, when the viscosity was higher, the cement distribution for the last several screws tended to be the concentrated type. The distance between the screw tip and the anterior edge of the vertebral body may also effect the distribution of the cement. The morphology of the vertebral body varies in different levels of the spine, which affects the selection of screw size and length. When the screw tip approached the anterior edge of the vertebral body, the cement tended to distribute toward the anterior part (zones 1 and 2) of the vertebral body. On the other hand, when the screw tip was located in the middle of the vertebral body, the cement distributed to the middle and/or posterior part (zones 2 and 3) of the vertebral body.
According to the previous studies, the injection of PMMA along the entire length of the screw results in the highest pullout strength [14] . The pedicle area provides approximately 60% of the pullout strength [6] , which means the more zones (especially the pedicle area) that involve PMMA, the stronger the pull-out strength of the pedicle screw. Thus, the ideal distribution of the cement involves all four zones of the vertebrae. However, the spinal canal leakage rate with cement extension to the pedicle zone (zone 4) in each group was up to 79% (15 screws with canal leak out of 19 screws which has cement extension to zone 4) in Group A and 40% in Group B (8/ 20) , which is significantly higher than the screws without cement extension to the pedicle area: 3.2% in Group A (4 screws with canal leak out of 126 screws which has no cement extension to zone 4) and 2% in Group B (2/105), p \ 0.05). The ideal cement distribution may be the screw with the anterior 3 zones (zone 1, 2, and 3) distribution, which may represent the perfect balance point between optimal biomechanical strength and risk of spinal canal leakage. We suggest that the tip of injection needle or the cannulated pedicle screw should be placed in zone 2 (midpoint of vertebral body.) in lateral view during cement injection, and the cement flow should be carefully monitored with fluoroscope not beyond the posterior vertebral body line (zone 3). This study revealed that there were 26 screws (17.9%) in Group A with a cement leak, and 17 (11.7%) of those involved a spinal canal leak. In Group B, 17 screws (13.6%) had a cement leak, and 10 screws (8%) involved a spinal canal leak. One patient in Group B experienced a neurological complication. A posterior-lateral and foraminal leak in one of the screws (L1 vertebral body) caused sciatica of the left leg. Only conservative treatment was necessary. In present study, no screw with cement leakage into intervertebral disc was observed. This result is different from that of vertebroplasty treating osteoporotic compression fracture, in which fracture of endplate is common and cement leakage into the intervertebral disc through the broken endplate can occur. In contrast, the augmentation of pedicle screw is commonly performed on an intact vertebral body which has intact endplate, and cement leakage into the intervertebral disc is rare.
The cannulated screw used in this study is a mono-axial top loading screw with a side hole at the distal third of the screw thread. One study showed that a screw with multiple side holes from the proximal to the distal third of the screw thread had higher pullout strength than that of screw without or with only one side hole on the distal third [4] . However, the study also demonstrated that most injected cement tended to exude from the most proximal side hole of the screw. Therefore, a screw with a side hole or multiple side holes near the proximal third of screw thread may have a higher risk of cement leakage into the spinal canal or intervertebral foramen than that with only a distal side hole.
CT scan analysis demonstrated most cement leakage has a thin, linear and/or small spotted pattern. Most of those leakages were minor, occurring via the perispinal vessel network, and thus rarely cause nerve compression. There was no significant difference in the rates of cement leakage between Groups A and B; however, but the overall leakage rate was higher in Group A. There are two possible explanations for this difference. First of all, regular cement (Surgical Simplex P, Stryker Corporation) was used for pedicle screw augmentation in Group A. The cement, although clearly observed in CT scan, was hard to monitor under fluoroscopy, which may increase the risk of cement leakage. The second possibility involves the method of cement injection. In Group A, the cement was injected through a biopsy needle and the pedicle screw was inserted after the removal of the needle. The cement may extend or redistribute during pedicle screw insertion causing cement leakage. On the other hand, the technique of direct injection of PMMA cement through cannulated pedicle screws is easier and simpler than the biopsy needle cement injection technique. PMMA augmentation using cannulated pedicle screws has the advantage of simplicity with similar clinical outcome.
BMD may also play an important role in cement leakage. The cement leakage rate was higher in osteoporotic patients with lower BMD (p \ 0.05). The overall leakage rate for patients with BMD \0.6 g/cm 2 in each group was 45 and 40%, respectively, while patients in both groups with BMD [0.6 g/cm 2 experienced a leakage rate of 0%. Patients with lower BMD have thinner trabeculae inside the vertebral body [6] , which may have more inter-trabeculae space through which mobile cement can pass. This difference may create wide and unpredictable cement spread. The cement may extend more easily to vessels and spread via the vessel network. Care must be taken during cement injection in patients with BMD \0.6 g/cm 2 . The timing of PMMA cement injection was also very important because low viscosity cement carries a higher risk of extravasation. Therefore, in patients with severe osteoporosis extra caution should be taken during cement injection for augmentation of pedicle screws.
The relationship between BMD and bone cement distribution pattern in the vertebral body revealed a significant difference (p \ 0.05). Patients with a lower BMD had a higher chance of experiencing scattered cement distribution. We think that the cement distribution morphology may affect the bone-cement-implant interface, which closely correlated with the stiffness of instrumentation. However, the ideal cement distribution morphology is unknown. Further investigation of cement pattern and biomechanical strength of the pedicle screw is needed.
Our study demonstrates that the timing of cement injection correlates with the risk of cement leakage. The pedicle screws with earlier cement injection tended to have a higher risk of cement leak, and screws with later injection have the opposite outcome. A possible explanation is that the viscosity of PMMA cement increased gradually with time which may have reduced the cement leak. The cement used in Group B is VERTEBROPLASTIC TM , and its setting time under room temperature is approximately 15 to 20 min. Cement injection should not begin until the working phase starts. The duration of cement injection is less than 10 min. Furthermore, two or three fluoroscopy images were obtained for each screw augmentation, which increases further as the number of screws increases. According to our experience, a case with up to eight screws frequently experiences harder cement when inserting the last one or two cannulated pedicle screws. Two packs of cement may provide sufficient time for injection.
In conclusion, the PMMA distribution and morphology in the vertebral body after pedicle screw augmentation can be various due to many factors such bone mineral density, the sequence of injection etc. This phenomenon should be noticed during biomechanics test for analyzing the screw fixation strength after cement augmentation. Both the injection methods, biopsy needle or cannulated screw technique, had most cement localized in the vertebral body, and patients with lower BMD had higher risk of cement leakage and tended to have scattered cement distribution in morphology. It should be noted that the distribution of cement is least predictable and most likely to have canal penetration in those most likely to need the augmentation technique.
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